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Abstract

The Tropical Rainfall Mcasuring Mission (TR MM)’s *day-1’ combined radar/radiometer algorithin uses
arain-profiling approach which gives as muchimportance to the measurements of the ’'RMM satellite’s
precipitation radar (PR)and the TRMM microwave imager ('1'MI) as their respective intrinsic ambiguities
warrant, which avoids any ad hocshortcuts that might introduce large biases in the rain estimates, yet
which is simple cnough to be operational when TTRMM is launched in late 1997. The algorithm is based
on theidea of estimating the rain profile using the radar reflectivities, while constraining thisinversion to
be consistent with the radiometer-derived estimate of the total attenuation. '10 performthe data fusion,
the problemis expressedinterms of clic)l)-size-(listlil) [Itic)]l variables. Starting withan apriori probability
density function (pdf) for time variables, a Bayesian approach is used to condition the pdf successively
011 the radar and the radiometer mecasurements. The resulting algorithm is mathematically consistent
and physically reasonable. I'he conditional variances which it calculates serve to quantify the accuracy
of its estimates: small variances indicate that the 7' RMM observations can indeed be explained by the
models used; large variances imply that the models are not sufliciently consistent with the measurements.
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O. Introduction

“Combined” rain-cstimation algorithms represent anew generation of rainfall refrieval schemes that use
measurcments obtained {rom different instruments to improve on single-instrument retrieval algorithins.
Inthe case of the Tropical Rainfall Mcasuring Mission (I'RMM, see [9]), the instruments on the TRMM
spacceraft include a precipitation radar (PR, sce [5]), an SSM/1-like passive microwave radiometer (1'MI,
see [7]), an AVHIRR-like optical-infrared radiometer, a lightning detection system,and a cloud-radiation
budget radiometer. Of these, only the measurements of the PR and those of the T'MIare used in the first-
generation (or ‘day-17) combined algorithin: indeed, these two are the only TRMM instruments which
can explicitly detect rain signatures over amecaningful dynamic range, and for which one has well-tested
single-instrument retrieval models that are largely devoid of empiricism. Conversely, the fine resolution
of the radar measurements is expected to compensate for the corresponding ambiguity in the radiometer
measurements (e.g. in detecting the freezing level), while the robust ness of the radiometer measurements
should reduce the error whichthe radar can make when estimati ng integrated quantities (errors that are
due mostly to the significant dependence of the radarbackscatier on hydrometceor size).

The TRMM day-] combined racial/racliolllettl algorithinfollows three guiding principles: the approach
must give as much importance to the measurements of the PRand of the 1M1 as their respective intrinsic
ambiguities warrant; any ad hoc shortcuts that might introduce large biases in the rain estimates must
be avoided; finally, the approach must remain simple enough for the algorithm to be operational when
TRMM is launched in late 1997. The algorithm itself is based on the idea, advocated some time ago
by J. Weinman ([12]), of estimating the “high resolution” rainprofile using the spatially detailed radar
reflectivities, while constraining this estimation to be consistent with the (independent) estimate of the
total attenuation, derived from the passively-measured 1 0.7-GHz bright ness temperature. To account for
this constraint as much as the uncertainty (or lack thereof) inthe PR and I’ M] measurements warrants,
the problemis expressedimterms of {II'o~)-size>-clistl illltic)ll (1)S1)) variables,similar to the expressions
which 11. Kumagai had proposed earlier for a sitnilar purpose ([6]). Three mutually independent DSD
parameters are used: a bulk quantity parameter R (therainrate), and two shape parameters D" and
.
essentially the relative standard deviation of diameters about this mean (“essentially” because these
variables have to be modified in order to be mutually independent formulas (1) (3) below date these
parameters to C. Ulbrich’s A'D# C*? | sce [11]). This parametrization was derived from a careful analysis
of over 15,000 DS samples incasured during two rainy scasons at Darwin, and during the TOG A-COARE
field campaign ([3]). 1t produces Z- It and k- II' relations Z = a(s", D") RGP k= a(s”, D7) RPE"P),
whose coeflicients a, b, &, and # are completely determined by s“ and )7 using a simple look-up table
(sce table1). The fact that s* and )" arc completely independent of 1 is crucial {ortwo reasons: one
may then assume that s* and/or 1) are constant evert though the retrieved /£ will vary; and one can
be sure that the Z- B and k- R relations do not hide any implicit dependences on the variables at hand.
Ulbrich’s 1) s]) parameters can be obtained from s”, D" and the rainrate profile R using the formulas
!
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, the first representing essentially the mass-weighted mean drop diameter and the sccond representing
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with AD"e APdD in =3 D innim, and 2 inmm/hr. Since I varies with altitude, these parameters
too will vary in altitude.

Starting with an a priori probability density function (pdl) for the variables s*, D" and Iz, a Bayesian
approach is used to condition the pdf successively onthe radar and the radiometer measurements. Section
1 outlines how the day-1 algorithmimplements this approach. Scctions 2, 3 and 4 describe the details of
the main elements of thealgorithm. A test example is described insection 5. Finally, the planto validate
the algorithm is outlined inscction 6.

1. Algorithm Outline
The problem is the following:
One has profiles of measured radar reflectivities represented by the vectors

the components of cach vector are the reflectivities from the various range bins, and the
i s

th

index n refers to the n'™ radar beam), along with radar-derived surface-reference estimates of

the one-way path-integrated attenuations

AH bl
incach of N radar beams constituting aradiometer heam (so n = 1, ---, N), and an associated
10.7 GHz brightness temperature

1.

From these measurements, onc wans s to estimate the rain rate profiles
12,
(again, the components of each vector are the rain rates at the various range bins, and the
indexn refers to the nt* radar beam), the
shape parameters of the associated DS
and the
uncertainty in I? and the DSD shape paramcters

assuming that the DSD shape parameters (07,8") are uniform in altitude and within the
radiometer beam (as was pointed out in the previous section, this uniformity assumption will
not apply to the resulting A, g, A they will be expected to vary from range biu to range bin
and from one radar beam to another).



The simplifying assumptions about the variability of (s”, ") have to be made in order to reduce the
computational requirements of the algorithm. Since the analysis of the Darwin and TOGA-COARE
1)S1) measurements (SCC [3]) shows that s“ dots not \'arymuc}l shout its mean, it is not unrcasonable to
assume thatit is always cqualtoits empirical mean s« = 0.39 with probability 1. Also, since D" remains
approximately constant over several kil ometers ([3]), the simplifying assumption that it is constant over
any given radiometer footprint, is also rcasonable. With these assumptions, and given a radar inversion
algorithim and a radiometer forward model, the approachtakenby the day-1 combined algorithm is:

() The “outer shell’” co-locating TMIwith PR:sequentially input sets of 4 contiguous raw 1 0.7-
GHz TMI measurements (sce figure 1). Identify t he N radar beams included in the union o f
these footprints (“inclusion)” of a radar beam withinaT'M 1 footprint is determined by the value
of the T'MI beam pattern function in the direction of the radar beam in quest jon - in practice

N4+ 741)x(241242)=144).

la) Input the ’/jn measured in the n* radar beam (n= 1,” -+, N), along with the additional parameters
that the TRMM radar-only profiling algorithin uses, namely the radar-derived s~I'face-I" cfclcllcc
cstimates of the total one-way path attenuation A, and the type of rain within the radar beam.

1b) For every value of the DS shape parameter D whose a priori probability pr(/”) is noni-zero, run
a slightly modified version of the radar inversion algorithm and store its intermediate estimated
rain profiles ¢, (1)) and its estitnates of the integrated one-way attenuations #,,(D").

2) When all values of 1)” have been considered on al the radar beams, combine the corresponding
attenuation estimates x, (D”) to form the corresponding predicted brightness temperatures t;( ")
(i ==1,---,4 )within the four T'MI{ootprints, using t he radiometer forward model and the value of
the TMI antenna pattern at cach radar beam withrespect to the relevant T'M oot print.

3) Quantify with conditional probabilitics the degree to whichthe (14, . . ., t4) predicted by different
D"s matchihe (7; .. . ., Ty) measuredin t he 4 *1°hat footprints. The average of D" weighted by
this probability is the combined radar-radiometer estimate of the DSD shape parameter D”. The
uncertainty inthis estimate is given by the variance of the probability.

4) Go backto the individual radar beams withinthe intersection of the four T'Mlfootprints, and for
cvery one calculate the average (over ") of R, weighted by the probability computed in 3), and
its variance. lleren=1, . .., N’y with N’ < N (in practice, .~ 7 x 12 = 84). Compute similarly
the average of the attenuation &,,.

Output, for cach individual radar beam within the intersection of the four T'MI footprints, the
cstimated rain rate profile and its r.in.s. error as calculated instep 4, the estimated value of D",
the estimated value of the integrated attenuation and its ran.s. error as calculated instep 4, and
the average of the attenunation derived from the 'TMImecasurement only (using the inverse of the
radiometer forward formula).

(2]
~—

Section 2 summarizes the physical models giving the radar inversion algorithin and the radiometer forward
formula. The details of the co-location procedure are given in scetion 3. Section 4 describes how the



Bayesian approach was appliedto calculate the various conditional probabilities.

2. The Radiometer and Radar Models

The radiometer model used inthe day-Icombined algorithim consists of a formula expressing the average
13.8 -Gz one-way path-integrated attenuation (I'lA) A,indB, as a function of the corresponding 10.7-
GHz brightness temperature 7y: ’\

A(']},)f(:o + (f]]()g((fg - ‘/j, ) (4)
along witha tabulated estimate of the associated rins. uncertainty og(73). The derivat ion of this formula
and the values of the coeflicients (co, ¢1, ¢2) a the various viewing angles and of oy(73) required many
thousands of radiative trausfer calculations. They are described in great detail in [10]. Thus the day-I
combined algorithin assumes that, over t he ocean, given a passive 1 0.7- Gl z observed brightness 1}, the
corresponding 13.8-G11z (log- )attenuation is normally distributed with mean A(7};) and variance oo(75)*.
Since this model is of dubious (if any) value over land, the variance ao(7},)? is artificially increasedin
these cases to render the radiorneter model’s predicitions irrelevant and the day-1combined algorithm
then relies entirely on the radar inversion to estimate the rain.

The radar inversion model is an adapted version of the deterministic ’TRMM ‘day-1" radar-only algo-
rithm. This eliminates any discrepancies between the estimates of the combined algorithm and those of
the TRMM radar-only algorithim which could be attributed to differences in the radar inversion mod-
els. Specifically, when the radar-only estimate of the P A is deemed uscable by the TRMM radar-only
algorithm, the “surface-reference technique” ([S]) is used to estimate t he average sill-rate » at range

Z(.T)l/b
((a ]04)‘2‘4)/7/6 +- 0-21%{(}10)0/3 faj."‘ Z/,/b)l/ﬁ

r(D", 2, AY |, =

in which 7 denotes the radar reflectivitics, A denotes the measured PIA indB, @, is the surface range,
and a = a(D"),b=0bD"),a = «(D")and = A( D")are t he coeflicients of the Z- R and k- K relations,
7 =alt® k= olt? derivedin [3] as a function of the DSD parameters 8¢ and D" (for the day-1 combined
algorithm) s“ is ass uimed constant = 0.39). When t he surface-reference informat ion is not useable, the
direct Hitschfeld-Bordan formula ([4])

Z(.T)]/b
. o . 1/05
(ap — 2080000 g ) /"

(D" 4 A) | = (6)

is used instead (range O is assuined to represent the stormtop). In cases where a bright-band is detected
by the radar, the 7Z- R and k- R cocflicients given above are used only for the portion of the profile that
falls below the bright band; for the higher altitudes, the pre-determined bright-band and ice coefficients
that are used in the TRMM radar-only algorithin will also be used by the day-I combined algorithm.

Thus, the radar model can always turna reflectivity profile 7 into a rain-rate profile r, over land as well
as over the occan. Finally, given the estimated rain profiles », in N contiguous radar beams constituting
one 1 0.7-G 1z radiometer beam, and given a valucfor the DS shape parameter D", the twomodels above
can predict the brightness temperature that should be observed within the radiometer beam. Indeed, the
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radar model can calculate the attenuations «,(D") ( = [ ar(D", 7, A)?) within cach radar bean, and
the predicted brightness temperature (ry, -+, rn; 19”) is therefore the antenna-pattern weighted sum
l\; "
{(ry, ooy D)= e Y wyelrnD-c)/e %
=1

h

in which w,, denotes the value of the antenna-pattern weight for the n'* radar beam, with 3w, = 1.

3. The Co-Registration Problem

Combining the measurements of two diflerent instruments requires that one beable to situate the field of
view (I'OV) of one instrument with respect to the other. Before attempting to solve this “co-registration”
problem, one must first assume that the volume within the intersection of the two instruments’ fields of
view was probed at the same time by the two instruments. Inour case, because the radiometer does not
scan from a nadir attitude but rather with a ~ 50° incidence angle, there will typically be a ~ 1 minute
difference between the times at which a given rain volume is observed by the radar and the radiometer.
The day-l algorithm makesno attempt to take thislaginto account.

As to the co-registration problem,in our case, the radar and radioneter fields of view do not have sharp
boundaries: in fact, the FOVs are determined by the respective antenna beam patterns, which then act as
weighting functions and alow onesome latitude indefining the “intersection” of a particular radiometer
footprint with a given radar scan, the “inclusion” of one radar reflectivity profile in a given radiometer
heam,ctc. .. The day-1algorithm handles the problem by first reading the coordinates of all the beams
within every radar scan of the data “granule” that is being processed (generically, a data granule covers
one TRMM orbit,). For cvery radar scan, whose center has longitude Ly and latitude ly, say, the algorithin
calculates the scaling constant r and rotation angle O which allow one to transform alongitude-1 atitude
pair (1, 1) into locally cartesian coordinates (@, y),

Y o sin(0) --cos(0) rocos(lo) (L — Lo) .
( Y ) = ( cos(0)  sin(0) ) ( ro(l — lo) ) (8)

in which the positive y direction is the TRMM direction of motion (in (8), ro is the radius of the carth,r
is determined so the individual adjacentbeam center spacings are closest to the theoretical pattern, and
0 is determined so the scan is as close to the a-axis as possible - 0 is essentially the angle hetween the
local latitude and tile’l’I{MM track). Localdistancesncar the givenradarscan arc (quite adequately)
approximated by (Aa? 4 Ay?)!/2,

Having stored the codrdinate change paramcters (v, 0) for cachradar scan as in (8), the day-1algorithm
next identifies those T'M1 footprints which fall within the radar swath, and which will be processed
asoutlinedin section 1. For each radar heam, it finds the closest T'MI {ootprint, then, within that
footprint’s I'M1 scan, it findst hesecond closest 1'M 1 foot print. 'Fhe number of times that each TMI
heam is selected is stored, and, when all radar beams have been thus examined, the 24 “most popular”
TMI beams within cach “1"h’1] scan (i.c. those sclected most often) are identified, and arve grouped jnto
adjacent non-overlapping quadruples for further processing (see figure 1),

Once the TMI I'OV-quadruples have been identified, every radar beam is associated to the quadruple
closest 1o i, and the radar beam is identified as within the “intersection” of the four FOVs in question:



when the latter are processed as outlined in section 1, the rain estimates for the radar beams within its
intersection will be output. Finally, the radar beams within the “union” of the FOVs forming every TMI
quadruple are identified: when the latter are processed, the radar reflectivities for the radar beams within

the union will be input.

‘Jbus, cvery radar beamis includedinthe “intersection” (hence output ) of exactly one quadruple of TMI]
footprints. And al the radar beams affecting the predictions within the union of every TMT quadruple
arc taken into account (i.e. input to the Bayesian algorithm).  Finally, the value of the antenna beam
pattern weight of a given radar heam is zeroed when the “bad data” or “no rain” flags are raid for the
radar beam in question.

4. Mathematical Details oft he Bayesian Approach

Assume that a radiometer beam encompassing N radar heams, numbered n=1,-- | N, is given. The
problem is to determine the function

P (D" Ty, cr) s Uiy en)

expressing, gho conditional probabil ity of having D" asthe DSD shape parameter throughout the radiome-
ter beam, I, as the rain rate vector for the nt* radar beam (a vector whose components are the rain
rates at the binned altitudes), and ¢, as the product of the correction to the radar calibration constant
in that beam, times the correction to the surface backscattering coeflicient within that beam (corrections
that arc imposed by the radar “surface reference technique”). This probability is conditional in the sense
that it is assumed to have accounted for the following glsarvations:

- the radar reflectivities 7, within the 2! Heam,

- the one-way integrated attenuations A, obtained from the measurement of the surface cross-section

within that beam,

- and the brightness temperature 7.

Bayes’s theorem can help rewrite P in a form which makes it casier to calculate:

P (0 (Frya) - (Bneen)) = e (D7 U)o iy ) 15 (Za, Ay, (2
= e (T DG (B en)s (Ze, M)y (2
e (D7 (Hys ) (s en) T (Zs Ay, (7
o (T An) - s An))
The last term is a constant as far as the variables {1, (17’,1, )} arc concerned. Call it C. Using (4) and

(7), equation (9) becomes
P (D, (T, 1), () = Gaggry (A1) = AG T i D7)
- pr (]),/,(]?]7(])7".’(]?Nv(N)‘(Zlv/l])’ (/—‘ A )) - C (]0)



where the notation “G,” refers to the 0-mean Gaussian density function with variance o2

term in the right-hand-side of (10) can be further simplified using Bayes’s theorem again:

The middle

pr (D7, (B ), i) | (Za, A, (i Ag)) =
= pr (U, a) o By ) | D7 (Za M)y (s AN)) - (DY [(Za, A, (i, An)) (1)

which, if beam-to-beam independence is assumed and if the radar model of the previous section is used,
becomes

pr (D7, (Ryyaa)y- o (B en) | (20, Ad) oo U An)) =

N - — —

— [H])r (1?,1,(,L|1)”,Z“,A”)] (D (Fry )y (s A)) (12)
n=]

=~ [H (S( - )” /naAn + (n)> -0 ((71 - ("(])”a ’/—:713/171)) ’ gan ((J(])”, Z7zaA1z))J ) I)l'(])//) (]3)

where “6” is the Dirac é-function, and the function r represents the raill-rate profile obtained from the
reflectivity profile using the radar inversion, as in(5), (6). In addition, to obtain (13) il was assumed
that, given k- R and Z- R cocflicients as well as the surface cross-sections, one can directly determine
from the vector Z the correction ¢ that must be made to the PIA estimated by reference to the surface
(assuming one has an a priori estimate of the surface back-scattering cross-section), using a deterministic
formula represented by the function . In fact, (5)and (6) imply that (sec ['2])

0 7 lob(l)” _0.2log(10)a(D" sty g 7 )PP ‘
7= S (] @ = 10lozo(4) ()

This correction must then fall within the expected uncertainty of the calibration constant and of the a
priori estimate of the surface cross-section, represented by o,,. VFinally, the conditional density function
of the DSD shape parameter D" given the radar observations is assuined to be approximately the same
as the a priori (unconditioned) density function of 1)”.

Of thetermsin (13), only the calculation of the lastone hasnot yet been discussed. Theinitialization
of pr(D") is derived from the statistical analyses of the Darwinand TOGA-COARE data sets. Indeed,
the latter show that D" can be assumed to be lognormal, with somewhat different statistics in stratiform
and convective rain. Since the two categories are mut ually exclusive, the a priori pdf of 1)’ for a given
radiometer foot print canbeexpressed as

pr(D") = pr(D"|stratiform) . pr{stratiform}
+ pr(D"|convective) . pr{convective} (15)
+ pr(D"Junknown) . priother}
inwhich “pr{stratiform}” is interpreted as t he proportion of radar beains within the given I'MI footprint,
whichwere classified as “st ratiformn” by the TRM M “radar-qualitative® algorithm, and “pr{convective}”

and “pr{other}” arcinterpreted likewise. The first factor incach summand of (15) is giventhe corre-
sponding value calculated {from the Darwin /COARE data ([3]).
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Going back to equation (10) and replacing the middle term by (13), one can finally reach the goal of
expressing the original conditional density function in the following simple and practical form:

7>(1)" (F1, 1), (J?N,(N)) ~C - ,(,0(1,(/i(f/')w/“1(1(1?,,---,1%;1)“))) (16)

—

IVH 6 (]{n ])I/ ,—‘7” An —f (“)) N (S <(“ - (:( l),la ,/jnv Aﬂ)) ’(Tn ( (])’/ 7 An)):l : })]‘(])/’)
n=1

where C is the normalizing constant, guarantecing that theintegral of the left-lland-side is one. Note
that of the several unknowns at thestart, the only independent variable in (16) that is not given by a
deterministic expression is 1)”. Practically, this mecans that T' only dependson )7 (and, naturally, on

the obscrved quantities {'/jn,An}an(]'J').

How can onc estimate raill-rate/l)SI) profiles from the conditional probability? Formula (16) can be used
to calculate the first two moments of P. To make the notation more transparent, renamme ¢(D”, 7, A,),
r(D", 7, An+ <) andi(fy, . ... Bn; 1)) as follows:

Call &(D")=oD" Z,, Av) (17)
R (D) = (D" Ty Ay A (D7) (this is a vector) (18)
(D" = ((Ry(D"), -+, Ra(D"); D", (19)
and
K(D") = Goory (A(T) - A{(D") ) (H Go, (W)'7))) -pr(D") . (20)
=11

This notation brings oul the dependence of the variables to be estimated on the parameter D" (and while
the dependence on the observations {7, }, {A,} and 7' is no longer explicitly evident, this helpsunclutter
the formulas that fOIlOW) The first moments of T' give the estimates /) R,), and¢,,, of the variables D",

]i’m,dn(l G (wWithm =1, . -+ A"), giventhe observations 7, (withn =1, . . . [N) and 7', namely
h - c- / D KDY dD" (21)
G = C- / e (D" (D) dD" (22)
i, = C .Jf:m(l)"). K(1)") dI)" (23)

N1
whiere C = (/ li(l)”) (1]/)" . The uncertainties in these estimates are given by

o(D")? = - D? 4 ¢ /)’”’ N(D"y dD" (24)
olcm)? =~ 4 C . ,,,,(1)”)‘2 S K(D"Yy dD" (25)
o) = T, -} Co [ R0 K (D) dD” (26)

where R, ; is the rain rate in the m' radar bearn at the ¢ range bin, R, ; is the 1" component of R,

and ]{m D"); is the 1" component of ]i'm(])”)



In effect, for cach value of D" the surlace-reference-derived integrated attenuations A, in the various radar
beam are corrected by ¢(D”) to make it consistent with the radar-rain relations imposed by that value
of D, and the corrected attenuations are subscequently compared to the radiometer-derived attenuations
to sclect that value of D” which produces the best matceh, i.e. the mean of (16).

5. An Example

Figure 2 shows a vertical section of the atmosphere along the track of the ARMAR radar during one of
its overflights of a Incso-scale systemonlebruary 6, 1993, during the TOGA-COARI, campaign ([1]):
figure 2a displays the radar reflectivities, while figure 2b shows graphs of the one-way attenuation corre-
sponding to the passively-measured 13.8 Gz radiance, the onc-way attenuation derived by referencing
the surface reflectivity to the clear-air average surface reflectivity, and the (ad hoc) convective/stratiform
“classification”. These data were processed using a simplified two-dimensional version of the TRMM
day-1 combined algorithm. Since the ARMAR radar and radiometer heams share the same field o f
view (corresponding to an approximately circular footp rint of about 450m diancter), average brightness
temperatures corresponding to a ten-times larger passive antenna were synthesized. Figure 3 snows the
estimates of the adapted ‘combined” algorithin. Thie effect of the brightness temperature on the estima-
tion can be scen in the graph of the estimated attenuation: where it differs from the surface-reference
input, it dots so in the direction of the corresponding brightness temperature. I'or example, the strong
reflectivities in the first ten kilometers to the left produce relatively light rain estimates because of the low
brightness temperature, whereas the compara bly strong reflectivities in the “convective” region produce
correspondingly larger rainrates, since the brightnesstemperature is significantly higher.

To simulate the combined algorithm over land (where the passive measurement s arve essentially ignored),
the data wepe also processed through a second modified version of the algorithim, one which ignores the
measured radiances bul otherwise proceeds as described above.  Figure 4 shows the estimates of the
adapted ‘llo-radiances algorithm. In this case, the algorit hin’s estimates of the attenuation are very close
t o the surface-reference inputs, as expected. Vor example, the strong reflectivities to the left produce
larger rain estimates than those of the combined algorithim, because thelow radiances ave no longer
takeninto account,. Similarly, the estimates in the convective region are relatively lower since the high
radiances that boosted them for the combined algorithm ave this time ignored. Note that this modified
algorithmm is still quite different from the TRMM radar-only algorithin:  the underlying physical model
is the same, but while the algorithms described in this paper are fundamentally stochastic, the TTRMM
radar-only algorithm follows a deterministic approach. When adjustments have to be made, it makes
sharp corrections to the variables involved, w Tiercas the Bayesian approach conditions their probability
“weights” according to the required adjustiment and its importance relative to the other constraints.

6. Validation Procedure

Aside from the obligatory comparisons with ground data to validate the Ilcar-surface estimates of the
day-l1 combined algorithm, four “intcrnal” comparisons with other TRMM algorithms must be performed
systematically. The first is a comparison of the r.an.s. uncertainty of the combined algorithm’s raill-rate
withthe r.in.s. uncertainty of the TRMM radar-only inversion: anincrease (or inconclusive decrcase) of
the uncertainty in the combined estimate would indicate that the radar and radiometer models are not



sufliciently consistent with onc another to explain the observations from the two instruments. Separate
statistics for the convective cases are particularly relevant, since this was the main case considered in
the derivation of the radiometer and radar models. The second comparison is between the integrated
attenuation estimates: any bias between the combined algorithin’s estimate and the one obtained {rom the
radar measurements alonc using the “surface reference technique” wouldindicate a possibly systematic
change in the reflectivity of a rain- modified surface. The third comparison consists of a compilation
of scparate statistics of the 1)S1) shape parameter D" depending on the radar-only or radiometer-only
classification of the rain type as strat iform or convective: since asignificant difference inthe statistics of
D" between the two classes has been observed in the Darwin and TOG A-COA RE data, similar differences
would be expected in the 1T'RMM estimates. Finally, the instantancous llcal-surface rain-rates estimated
by the TRMM radar-only and radiomcter-only algorithins, say I8, and I 4,,; respectively, must fall in
once of two mut ually exclusive cases: 11, < f{;,,; or R < R, in cither case, a systematic failure of
the estimate of the combined algorithin to fall betweenthe two would indicate anerror in this particular
application of the Bayesian model to condition radar-only probabilitics on the radiometer observations.
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Figure captions

Figure 1: 12 Imr-side 1'MI footprint, patterns “within” a PR swath, assuming a10.7-G Hz 3-d B beanm that is

36 kmwideand 60 kmtall (see [7]) the 4 kinx 4 ki grid gives anidea of the relative size of the
radar beamns.

Figure 2: ARMAR data from 1. C. Oliver during the TOGA-COARE campaign: (a) vertical section of the

Figure 3:

Figure 4:

13.$C;11Z radar reflectivities the horizont a tick marks are spaced Sk apart, the vertical ones 1 ki
apart starting 1 kmi above meanscalevel; (b) graphs of the one-way attenuation corresponding to the
measured 1 3.8-GHz brightness t emperat ure (blue), of the radar-su rface-refererce-derived one way
attenuation (red), and of the ad hoc convectiv e(red)/stratifort y(hluc) classification the vertical
tick marks arc spaced 5-dB apart.

Combined-algorithm estimate of the rain field corresponding to the data of figure 2: (a) the rain
rate (in dBR = 10 log: o(mm/hr)); (b) graphs of the one-way attenuation corresponding to the
synthesized brightness temperature (blue), of the algorit him-estimated one way attcuuation (red),
and of the ad hoc coil\ecti\ e(l~llle)/ stlatiforl Ik(I’c(l) classification thevertical tick marks are spaced
5-dB apart.

Radar-only estimate of the rainficld corresponding to the data of figure 2: (a) therain rate
(in dBR); (b) graphs of the radar-surface- poference-derived one-way attenuation (blue), of the
algorithm-esti mated one way attenuation (red), and of the ad hoc convective (red)/strat iform(blue)
classification the vertical tick marksare spaced 5-dB apart.



(D7 0.7 0.8 0.9 1.0 11 12 1.3 14 1.5 16 | 17 | 18 |
a 7334 | 99.6 | 137.77 | 19273 | 2686 | 37248 | 506 675 | 8B0.36 | 112856 | 1404 | 1719.5
b 1.45 149 | 1503 | 1501 | 1487 | 1466 | 1,439 | 141 | 1378 | 1.345 | 1.314 | 1.282
o 0.0168 | 0.0181 | 0.02 | 0.0225 | 0.0251 | 0.0283 | 0.0313 | 0.0313 | 0.0372 | 0.0401 | 0.0128 | 0.0455

G 1138 | 1155 | 1159 | 1154 | 1144 | 1133 | 1122 | 1.1 1.1 1.087 | 1.076 | 1.064

Table 12 «(D"), h(1)”), a(D")and ("), when s* = 0.39
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